Although phosphatidylinositol is a relatively minor constituent of membranes, its metabolism appears to be intimately involved with the cellular response towards electrical and pharmacological stimuli (Hokin, 1969; Hawthorne, 1973; Michell, 1975) . To appreciate more fully the role of phosphatidylinositol in membrane receptor function one should know its distribution over, and arrangement in, the two halves of the membrane bilayer. Rothman et al. (1976) reported that phosphatidylinositol is present in the outer leaflet of influenza virus. By inference these investigators presumed that phosphatidylinositol has a similar distribution in the plasma membrane of the host bovine kidney cells. On the other hand, most of the phosphatidylinositol in sheep erythrocyte membrane (Low & Finean, 1977; Billington et al., 1977) 
. We present evidence that the slowly transferable pool of phosphatidylinositol does not represent the luminal side of the microsomal membrane; hence we suggest that this phosphatidylinositol is bound to membrane proteins.
Although phosphatidylinositol is a relatively minor constituent of membranes, its metabolism appears to be intimately involved with the cellular response towards electrical and pharmacological stimuli (Hokin, 1969; Hawthorne, 1973; Michell, 1975) . To appreciate more fully the role of phosphatidylinositol in membrane receptor function one should know its distribution over, and arrangement in, the two halves of the membrane bilayer. Rothman et al. (1976) reported that phosphatidylinositol is present in the outer leaflet of influenza virus. By inference these investigators presumed that phosphatidylinositol has a similar distribution in the plasma membrane of the host bovine kidney cells. On the other hand, most of the phosphatidylinositol in sheep erythrocyte membrane (Low & Finean, 1977; Billington et al., 1977) and the surface membrane of human blood platelets (Chap et al., 1977) is present in the inner leaflet.
van Golde et al. (1974) have suggested that the biosynthesis of phosphatidylinositol occurs primarily in the endoplasmic reticulum of rat liver (van Golde et al., 1974) . Thus the plasma membrane, for example, depends on the endoplasmic reticulum for its supply of phosphatidylinositol. This raises the question where phosphatidylinositol is localized in the endoplasmic reticulum and on what side of the membrane the biosynthesis occurs. Studies by Nilsson & Dallner (1977a,b) on the phospholipid asymmetry in subcellular membranes of rat liver indicated that about 10% of the microsomal phosphatidylinositol is accessible to phospholipase A2 from Naja naja venom. Similarly, a phosphatidylinositol-specific phospholipase C from Staphylococcus aureus degraded up to a maximum of 15% (Low & Finean, 1976) . Approx. 15% of the phosphatidylinositol in rat brain microsomes was detectable by anti-(phosphatidylinositol) antibody (Guarnieri, 1975) .
The above studies suggest that the phosphatidylinositol pool on the cytoplasmic side of the endoplasmic reticulum is very limited. In spite of this apparently asymmetric distribution, the cytoplasm of a variety of bovine and rat tissues contain phospholipid-exchange proteins that catalyse the transfer of phosphatidylinositol between membranes (Helmkamp et al., 1974 (Helmkamp et al., , 1976 Lumb et al., 1976; Bloj & Zilversmit, 1-977) . It is a property of phospholipid-exchange proteins to interact only with those phospholipids of the membrane bilayer that are in direct contact with the bulk solution, i.e. phospholipids in the outer half of the bilayer (Bloj & Zilversmit, 1976; Rothman et al., 1976; Barsukov et al., 1976) . In addition, Demel et al. (1977) have demonstrated that the phosphatidylinositol-exchange protein from bovine brain stimulates the net transfer of phosphatidylinositol to membranes devoid of this phospholipid.
In the present study we have used the phosphatidylinositol-exchange protein from bovine brain to determine what fraction of the microsomal phosphatidylinositol is available for transfer after synthesis in vitro and in vivo. In addition, we have established whether synthesis of phosphatidylinositol can occur on the cytoplasmic side of the microsomal membrane.
Experimental Materials
Egg-yolk phosphatidylcholine, phosphatidic acid and phosphatidylinositol from rat liver were prepared as previously described (Wirtz et al., 1976a (10.4mCi/mmol) were from The Radiochemical Centre (Amersham, Bucks., U.K.). Phosphatidylinositol-exchange protein was purified from bovine brain as described by -Demel et al. (1977) , except that the final isoelectric-focusing step was omitted. Protein was stored at -20°C in 50 % (v/v) glycerol.
Methods
Preparation of microsomal membranes containing radioactively labelled phosphatidylinositol. Rat liver was homogenized in 0.25 M-sucrose/I mM-EDTA/ IOmM-Tris/HCI, pH7.4, and the microsomal fraction isolated as described previously (Wirtz & Zilversmit, 1969 Nilsson & Dallner (1977a) . Microsomal suspensions, including controls that contained no proteinase, were incubated for different periods up to 90min; the membranes were subsequently sedimented at l05000gav. for 120min. The protein content of the supernatants was measured as described below and the microsomal pellets were resuspended in 3 ml of 0.25 M-sucrose/1 6.6 mM-1978 potassium phosphate, pH 7.4. A portion of the microsomal suspension (0.94ml) was incubated for 60min at 37°C in a total volume of 1 ml to assay phosphatidylinositol synthesis de novo as described above.
Measurement ofphosphatidylinositol transfer from microsomal membranes. The measurement of phosphatidylinositol transfer from microsomal membranes containing phosphatidyl[2-3H]inositol to sonicated liposomal acceptor membranes in the presence or absence of exchange protein has been described in detail elsewhere (Helmkamp et al., 1974) . Sonicated liposomes were prepared from egg phosphatidylcholine and egg phosphatidic acid (49: 1 molar ratio) and included a trace of cholesteryl [1-"4C]oleate as an internal marker for the recovery of liposomes after incubation and extraction (generally 80-90%). The purity of the phospholipids was checked before and after sonication to ensure that no lysophospholipids were formed during this process. Assays were conducted at 37°C and usually contained 1.5mg of microsomal protein, 6,umol of liposomal phospholipid and 81 ug of exchange protein in a total volume of 3.0 ml of 0.25 M-sucrose/ I mM-EDTA/lOmM-Tris/HCI, pH7.4. Further addition of liposomes and exchange protein were made as indicated in the Results section. Liposomes were recovered from the incubation mixtures and their content of radioactively labelled phosphatidylinositol was measured as described by Helmkamp et al. (1974) .
In those experiments in which the transfer of
[32P]phosphatidylinositol from 32P-labelled microsomal membranes was studied, the assay conditions were similar to those described above. (1959) ; the lipid extracts were washed as described previously (Helmkamp et al., 1974) . The phospholipids were separated by two-dimensional t.l.c. by the method of Broekhuyse (1969) and detected by iodine staining. Phosphatidylinositol is resolved from phosphatidylserine in this system. Ninhydrin was used to detect phosphatidylserine in the instances where the resolution was less distinct. Spots containing [32p]_ phosphatidylinositol were scraped off into counting Vol. 174 vials and the radioactivity was determined in a Packard Tri-Carb liquid-scintillation spectrometer as described by Helmkamp et al. (1974) . For phosphatidyl-[2-3H]inositol the lipid was eluted from the silica gel with chloroform/methanol (1:2, v/v) and the radioactivity determined. Phosphorus was determined directly on the silica-gel scrapings by the method of Rouser et al. (1970) .
Protein concentration was determined by the method of Lowry et al. (1951) , with bovine serum albumin as standard.
Results

Incorporation of myo[2-3H]inositol into microsomal phosphatidylinositol
The incorporation of myo-inositol into phosphatidylinositol of liver microsomal membranes in vitro can occur by synthesis de novo and by inositol exchange (Agranoff et al., 1958; Paulus & Kennedy, 1960 Nilsson & Dallner (1977a) Fig. 2(a Fig. 2(a) . Three times this amount of exchange protein (81 pg) and liposomes (6pmol) were added to start the transfer depicted in Fig. 2(b Rothman & Lenard (1977) have pointed out that it is essential that all pools of a given phospholipid have the same specific radioactivity when studying the distribution of radioactive lipids in membranes. This was checked in the present system by isolation of phospholipids from microsomal membranes before and after phosphatidylinositol transfer. Measurements of the quantity of phosphatidylinositol remaining in the membranes after transfer were corrected for losses of lipids incurred during the analytical procedure. Losses were estimated by measuring the amount of phosphatidylethanolamine recovered, since this phospholipid is not transferred from microsomal membranes by the phosphatidylinositol-exchange proteins of bovine brain (Helmkamp et al., 1974) . After 78% depletion of microsomal phosphatidyl[2-3H]inositol from membranes exchange-labelled with myo-inositol and 72 % depletion of membranes labelled by phosphatidylinositol biosynthesis de novo, the corresponding values for depletion of microsomal phosphatidylinositol phosphorus were 72 % and 63 % respectively. These results show that the phosphatidyl[2-3H]-inositol transferred from the membranes does not represent a specific fraction or pool into which myo-[2-3H]inositol is particularly incorporated.
To confirm that the behaviour of phosphatidyl-[2-3H]inositol is a true reflection of the total microsomal phosphatidylinositol, microsomal membranes containing [32P]phospholipids as described in the Experimental section were prepared. Nilsson & Dallner (1977a,b) have shown that phospholipids in such membranes are uniformly labelled with 32p. in a transfer of 30-32% of the [32P]phosphatidylinositol after 60 min (two experiments). This compares very well with the transfer of 34 % shown in Fig. 2(a) for the membranes exchange-labelled with myoinositol and incubated under identical conditions. From these results, it appears to be justified to assume that myo-[2-3H]inositol incorporated by either myo-inositol exchange or by biosynthesis de novo is homogeneously distributed throughout the phosphatidylinositol of the endoplasmic reticulum.
Nature of the slow phase of phosphatidylinositol transfer Although 80% of the microsomal phosphatidylinositol is available for protein-mediated transfer, the results suggest that 42 % of the lipid is present in an easily accessible pool; transfer of the remaining 38 % is a much slower event. In view of the current membrane model one could assume that 38 % of the phosphatidylinositol is present in the inner leaflet of the bilayer. The slow phase of transfer would then represent the rate of movement ('flip-flop') of phosphatidylinositol from the inside to the outside ofthe microsomal membrane. To test this hypothesis, microsomes containing phosphatidyl[2-3H]inositol by synthesis de novo were incubated with 6umol of liposomal phospholipid and 81 pg of exchange protein for 40 min to remove the easily accessible phosphatidylinositol pool (Fig. 3) . After this incubation the microsomes were isolated by centrifugation as described in the Experimental section and resuspended in 0.25M-sucrose/1 mM-EDTA/1OmM-Tris/HCl, pH7.4. For phosphatidylinositol of the inner leaflet to equilibrate with the outer leaflet, the depleted microsomes were preincubated at 370C for 60min, whereupon 6,pmol of liposomal phospholipid and 81 pg of exchange protein were added and the incubation was continued. As a control, microsomes were incubated under identical conditions without the preincubation. The results in Fig. 3 show that preincubation has no effect on the transfer of phosphatidylinositol. Identical results were obtained from the same experiment carried out with microsomes that were labelled by base-exchange. The absence of an induced pool of easily accessible phosphatidylinositol argues against the hypothesis that the slow phase of transfer reflects the movement of phosphatidylinositol from the inner-to the outer-membrane leaflet. In one series of experiments incubation was continued up to 90min without interruption, except that an additional amount of liposomes and exchange protein was added at 40 min. Fig. 3 shows that transfer is virtually identical, independent of the incubation conditions.
When 40 % of the microsomal phosphatidylinositol was removed, the microsomes were re-isolated, suspended in sucrose/EDTA/Tris and sonicated for 2.5 min at 70W with a Branson tip sonifier. It was observed that sonication had no effect on the transfer of the residual phosphatidylinositol. This is further evidence that the slowly available phosphatidylinositol is not present in the inner-membrane leaflet, since one would expect sonication to randomize the residual phosphatidylinositol in a bilayer. In addition, the distribution of phosphatidylinositol between the two pools discussed so far was not affected by storage of radioactively labelled microsomes at -200C. were incubated in 2 ml of sucrose/EDTA/Tris at 37°C for 60min, after which time the usual amounts of liposomes and exchange protein were added and the transfer was measured (A). In a parallelexperiment the transfer of phosphatidylinositol was measured without preincubation of the microsomes (A).
Discussion
The endoplasmic reticulum in animal cells is the principal site of phospholipiu biosynthesis (Dawson, 1973; McMurray, 1973; van den Bosch, 1974) . In view of recent evidence (Nilsson & Dallner, 1977a) that phospholipids in the endoplasmic reticulum are asymmetrically distributed, it is important to identify the site of phospholipid biosynthesis in the membrane; such knowledge may help to clarify how this asymmetric distribution comes about. The present study is an attempt to determine with the phosphatidylinositol-exchange protein from bovine brain the localization of phosphatidylinositol in the microsomal fraction from rat liver after synthesis de novo.
Studies with phospholipases (Nilsson & Dallner, 1977a,b; Low & Finean, 1976) and anti-(phosphatidylinositol) antibody (Guarnieri, 1975) (Agranoff et al., 1958; Paulus & Kennedy, 1960; Thompson et al., 1963; Prottey & Hawthorne, 1967) . Our data do not provide an answer to whether CTP-phosphatidatecytidylyltransferase(EC2.7.7.41) and/or CDP-diacylglycerol-myo-inositol phosphatidyltransferase (EC 2.7.8.11 ) are inactivated by the proteolytic treatment. The cytoplasmic localization of CTP-phosphatidate cytidylyltransferase, however, would be expected from the fact that CTP is a cytoplasmic constituent for which the endoplasmic reticulum is probably impermeable (Nilsson et al., 1973) . While the present study was in progress, it was reported that the synthesis of phosphatidylcholine and phosphatidylethanolamine occurs on the cytoplasmic side of microsomal vesicles (Coleman & Bell, 1978; Vance et al., 1977 protein; a second pool of another 40% was transferred at a much slower rate and a third pool was not transferable. In addition it appeared that the newly synthesized phosphatidylinositol was homogeneously distributed over the total microsomal pool.
At present we cannot make a definite statement on the localization of these various pools in the microsomal membrane. In view of the non-perturbing nature of phospholipid-exchange proteins it is presumed that the easily accessible pool represents phosphatidylinositol exposed to the exchange protein on the cytoplasmic side of the microsomal vesicles. Zilversmit & Hughes (1977) have interpreted their data to indicate that most ofthe microsomal phospholipid is subject to rapid translocation over the microsomal membrane. This would imply that phosphatidylinositol can be present on both sides of the microsomal membrane and yet be easily accessible to the exchange protein. For reasons not yet understood, phospholipases would limit their action to the phosphatidylinositol that is actually present on the cytoplasmic side (Low & Finean, 1976; Nilsson & Dallner, 1977a,b) .
The phosphatidylinositol that is transferred at a much slower rate by the exchange protein does not appear to represent the pool on the luminal side of the microsomal vesicles. This suggests that the microsomal membrane contains a substantial amount of phosphatidylinositol with a limited ability to interact with the exchange protein. The slow rate of transfer may reflect the gradual release of phosphatidylinositol bound to membrane protein into the easily accessible pool. In a study on the localization of phosphatidylglycerol in Acholeplasma laidlawii it was evident that part of the phosphatidylglycerol was not accessible to phospholipases (Bevers et al., 1977) . It was suggested that interaction with membranebound proteins might protect against enzymic hydrolysis. Lipid domains surrounding proteins have been shown in several types of membranes (Jost et al., 1973; Trauble & Overath, 1973; Stier & Sackmann, 1973; Warren et al., 1974) . Exchange of spin-labelled phosphatidylcholine between boundary lipid and bilayer domains in reconstituted membranes containing cytochrome oxidase has been demonstrated (Jost et al., 1977) . There is also evidence that phospholipids as components of membrane lipoprotein structures are less exchangeable (Bergelson & Barsukov, 1977) .
It is of considerable interest that phosphatidylinositol formed in vitro by enzyme(s) present on the cytoplasmic side of the microsomal membrane is partitioned between different pools that reflect the distribution of the bulk of the microsomal phosphatidylinositol. This suggests that it is the membrane proteins that control the distribution of phosphatidylinositol, and not so much the physical constraints imposed by the membrane bilayer (Sheetz & Singer, 1974; Bretscher & Raff, 1975; Rothman & Lenard, 1977) . Similarly it can be argued that the different amounts of phosphatidylinositol in the various subcellular membranes is determined to a large extent by the membrane proteins present (Colbeau et al., 1971) . The phosphatidylinositol-exchange proteins would function as the vehicles by which the various subcellular membranes are continuously supplied with phosphatidylinositol (Helmkamp et al., 1976; Wirtz et al., 1976b) .
